Asturias is one of the most landslide prone areas in the north of Spain.
Introduction

Background
Rainfall-triggered landslides are one of the most widespread natural hazards worldwide [1, 2] , causing each year considerable human and material losses [3] . For this reason, strong efforts have been made to study the characteristics of the landslides and predict their occurrence [4] .
Landslide databases and derived maps constitute the starting point for the forecasting of landslides at a regional scale [5] . The information gathered in these inventories is commonly obtained through fieldwork and the review of press archives and documents from different administrations [6] and often includes spatio-temporal data and information about the characteristics of the instabilities, the triggering factors, the damage caused and the related costs [7] .
Regarding the temporal forecasting of rainfall-induced landslides, the statistical analysis of landslide records and climatic data series constitutes the most common empirical approach to quantify the rainfall triggering conditions. On this basis, it is possible the computation of rainfall thresholds for the occurrence of landslides [2, 8, 9] and soil moisture thresholds [10] [11] [12] which are key elements for the implementation of early warning systems [13] .
However, some authors [14, 15] have highlighted the convenience of considering broader scale atmospheric conditions to improve the performance and reliability of the early warning systems, given that the atmospheric circulation is closely related to key factors that control the landslide triggering, such as the rainfall intensity and the frequency and duration of the precipitation events. The characterization of meteorological synoptic triggering conditions has been addressed through several studies, including those developed in British Columbia (Canada) [16] , in Serra do Mar (Brazil) [17] , in Italy [18] , in the European Alps [19] and in Portugal [20] . Moreover, other authors [21, 22] have related the occurrence of landslides with atmospheric patterns at a global scale, such as the North Atlantic Oscillation.
In general, the characterization of the triggering meteorological conditions is carried out at a synoptic scale through the use of weather type catalogues, which include a discrete number of common meteorological situations. The most widely used methods are the Lamb weather type classification [23] , the Jenkinson and Collinson system [24] or the COST733 weather synoptic types [25] . In other cases, the classification of weather types is performed through a multivariate analysis, especially Principal Component Analysis [26] .
Study Area
The Principality of Asturias (NW Spain) is an autonomous community with an extension of 10,603 km 2 bounded by the Cantabrian Sea to the north and the Cantabrian Range to the south, whose watershed is over 1200 m ( Figure 1 ). The short distance between the axis of the Cantabrian Range and the coast implies large altitude gradients and generates a rugged orography in the majority of the Asturian territory.
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The Principality of Asturias (NW Spain) is an autonomous community with an extension of 10,603 km 2 bounded by the Cantabrian Sea to the north and the Cantabrian Range to the south, whose watershed is over 1200 m ( Figure 1 ). The short distance between the axis of the Cantabrian Range and the coast implies large altitude gradients and generates a rugged orography in the majority of the Asturian territory. From a geological point of view, the bedrock in the study area consists of a strongly folded and fractured Permian and Paleozoic basement [27, 28] covered in the centre and north-eastern areas by a discordant Tertiary cover [29] . The elevation of the Cantabrian Range during the Alpine Orogeny [30] and the climatic variations during the Quaternary have contributed to shape the bedrock through the operation of fluvial incision [31] , karst processes [32] and glacial activity [33] .
Together with fluvial and coastal processes, slope instabilities dominate the current geomorphological dynamic, being the most widespread cause of natural hazards at a regional scale. Although landslides recorded in Asturias normally show reduced size and depth (metric to decametric), they often affect highly populated areas or the dense infrastructure network, causing every year relevant economic loses and sporadic human victims [34] . The BAPA (Base de datos de Argayos del Principado de Asturias-Principality of Asturias Landslide Database) gathers 2245 individual landslides recorded during the period 1980-2016 [35] , showing the high incidence of those phenomena in the study area. The comparison between landslide and climatic data series has pointed From a geological point of view, the bedrock in the study area consists of a strongly folded and fractured Permian and Paleozoic basement [27, 28] covered in the centre and north-eastern areas by a discordant Tertiary cover [29] . The elevation of the Cantabrian Range during the Alpine Orogeny [30] and the climatic variations during the Quaternary have contributed to shape the bedrock through the operation of fluvial incision [31] , karst processes [32] and glacial activity [33] .
Together with fluvial and coastal processes, slope instabilities dominate the current geomorphological dynamic, being the most widespread cause of natural hazards at a regional scale. Although landslides recorded in Asturias normally show reduced size and depth (metric to decametric), they often affect highly populated areas or the dense infrastructure network, causing every year relevant economic loses and sporadic human victims [34] . The BAPA (Base de datos de Argayos del Principado de Asturias-Principality of Asturias Landslide Database) gathers 2245 individual landslides recorded during the period 1980-2016 [35] , showing the high incidence of those phenomena in the study area. The comparison between landslide and climatic data series has pointed out the abundant rainfall, and the consequent high soil moisture levels sustained during long periods, as the main trigger for the study area [36] . On this basis, regional and local rainfall thresholds for the landslide occurrence have been calculated [12, 37, 38] .
The Asturian region shows a characteristic Oceanic climate, showing two main domains according to the Köppen-Geiger classification [39] . The majority of the area presents a Temperate climate Cfb, without dry season and with a temperate summer; the SW area shows a Temperate climate Csb, with dry and temperate summer; and the highest mountainous areas present Cold climate Df [40, 41] . Average annual precipitation and temperature range from 960 mm and 13.3 • C in the lowest areas and near the coast to 1688 mm and 11.4 • C in the mountainous areas, according to data from Oviedo (336 m a.s.l.) and Amieva-Restaño (730 m a.s.l.) weather stations for the 1981-2010 reference period (AEMET, 2012). Though there is not a well-defined dry season in the Asturian climate, the maximum monthly precipitation values are concentrated in the period October-May, while the minimum precipitation values are recorded between June and September (both hereinafter named as wet and dry periods). Average annual number of rainy days ranges from 123 with rainfall >1 mm in 24 h to 30 days with rainfall >10 mm in 24 h and 4 days with rainfall >30 mm in 24 h, resulting in frequent and meaningful wet periods [42, 43] .
Objectives
In light of the challenge of forecasting the occurrence of landslides, previous works have highlighted the relevance of analysing the most common weather patterns linked to landslides in addition to the precipitation or soil moisture conditions. Thus the main goal of the current research is to determine the most frequent synoptic meteorological patterns which generate rainfall-triggered landslide events in Asturias during the wet and dry periods.
Materials and Methods
The methodology followed in the present work includes (i) the setting of criteria for selecting the rainfall-landslide events within the study interval and (ii) its climatic and meteorological characterization at different scales.
Selection of a Study Interval within the BAPA Database Time Span
Data about instability events analysed in the present work comes from the BAPA landslide database, previously built and analysed by Valenzuela and other authors [35] . The BAPA, which covers a 37-year period, is the only landslide database developed in Asturias and the sole source that may provide the date of occurrence of the landslides, crucial to address the present research. These authors have assessed the level of completeness of the inventory, which shows a general increase in the number of records from 1980 to present. Furthermore, the landslide records have been previously classified in three categories according to the reliability of its temporal occurrence: (1) exact date; (2) inferred date, with an uncertainty of 2-5 days; and (3) estimated date, with and uncertainty of a week or more [35] . Based on the parameters set in previous works, the study interval has been defined considering a period within the BAPA database time characterized by (i) a high level of completeness of the data series and (ii) a significant number of instability events showing a high temporal accuracy.
Climatic Characterization of the Studied Interval
Monthly and annual precipitation data collected from six weather stations managed by the AEMET (Agencia Estatal de Meteorología-Spanish Meteorological Agency) have been used to climatically characterize the studied interval. The selected weather stations are considered representative of the study area, including two located in the highlands of the Cantabrian Range: Genestoso (UTMEtrs89 223830X/4773589Y, 1170 m a.s.l.) and Amieva-Restaño (UTMEtrs89 335072X/4787743Y, 730 m a.s.l.); one in the lowlands near the Cantabrian Coast: Asturias-Avilés The comparison between annual precipitation data series for the study interval 2008-2016 and for the period 1980-2016 has allowed to note (i) the presence of wet, normal or dry years as well as (ii) wet and dry sequences of years. The distribution of the recorded landslides in relation to average monthly precipitation records throughout the year has also been analysed.
Selection and Description of the Particular Episodes for its Study
Once the interval of study has been defined, the research has focused on studying representative episodes within the dry and wet periods characterized by the occurrence of a relevant number of landslides (more than 2 during the dry period and over 30 during the wet period) and remarkable precipitation records (over 30 mm during the dry period and over 200 mm during the wet period). The following parameters have been used to describe the selected episodes: (i) start and end dates, (ii) number of recorded landslides for each episode, (iii) occurrence during the wet or dry period, (iv) total number of days, (v) number of rainy days, (vi) daily precipitation considering rainy days and (vii) accumulated precipitation for the whole episode.
Definition of the Meteorological Synoptic Conditions of each Episode
A more detailed analysis has been performed to determine the meteorological synoptic conditions that took place during each episode. It has been carried out dividing those initial episodes in events, taking into account the most relevant rainfall periods and dismissing those days without precipitation. Due to (a) the Asturian complex meteorological conditions, where the orographic effect and the proximity of the sea play a relevant role, and (b) the short duration of the analysed events, from a few days to several weeks, absolute values of each parameter were chosen for the analysis instead of the anomalies as they were considered more appropriate to describe in detail the studied events.
Establishment of the main Landslide-Triggering Meteorological Patterns
Lastly, a subjective analysis of each composite has been performed to determine de main meteorological patterns linked to landslide events, focusing on the spatial distribution of the considered parameters. In order to get easy-to-understand results, these patterns have been graphically described using maps of 300 hPa geopotential height, sea level pressure and 500 hPa and 850 hPa temperature.
Results
A study interval of 8 hydrological years, from October 2008 to September 2016, was defined for the present work considering the highest levels of completeness and temporal accuracy within the BAPA database records. The inventory gathers 1261 landslide records for this interval. The exact day of occurrence is known in 587 landslides, and for another 268 landslides there is a 2-5 days uncertainty. The distribution of the total monthly landslide records throughout the year shows a strong variation linked to seasonal precipitation patterns. February is the month with the highest number of records (267 landslides) and August the month with the fewest (14 landslides). Selected data set shows a high proportion of instabilities occurred during the wet period October-May (1032 landslides, 82%), while a lower amount (229 landslides, 18%) took place during the dry period June-September (Figure 2A ). The study interval shows annual precipitation values higher than the average annual precipitation of 1180 mm, calculated for the period 1980-2016 considering hydrological years. From a climatic point of view, the eight hydrological years selected are part of a wet sequence, as it is shown by the positive slope of the curve of cumulative diversion from the average annual precipitation (1180 mm) ( Figure 2B ). Taking this value into account, the year 2012/13 was classified as wet, the year 2011/12 was classified as dry and the remaining years were classified as normal.
As a result of the current analysis, 13 episodes were defined within the studied interval: nine episodes correspond to the wet period and the remaining four to the dry period. A total of 1012 landslides were recorded during these episodes, accounting for 80% of the landslides registered during the studied interval (October 2008-September 2016). During the dry periods, the number of landslides per episode is in the range 2-3, although an extraordinary number of instabilities (220 landslides) was recorded during the isolated episode of June 2010. In contrast, the number of landslides per episode ranges from 58 to 177 records during the wet periods ( Figure 3A) .
The episodes defined within the wet periods, with durations between 24 and 83 days, are much longer than those defined within the dry period, in the range 3-11 days ( Figure 3B) . The difference between the number of days and the number of rainy days is very small for the dry period episodes, whereas the episodes defined during the wet period include a remarkable number of rainfall gaps between the rainy days ( Figure 3C ). Accumulated precipitation values are higher during the wet period although the precipitation is distributed throughout a number of days higher that in the case of the dry period episodes, with lower accumulated precipitation values and more concentrated in time ( Figure 3D ). The study interval shows annual precipitation values higher than the average annual precipitation of 1180 mm, calculated for the period 1980-2016 considering hydrological years. From a climatic point of view, the eight hydrological years selected are part of a wet sequence, as it is shown by the positive slope of the curve of cumulative diversion from the average annual precipitation (1180 mm) ( Figure 2B ). Taking this value into account, the year 2012/13 was classified as wet, the year 2011/12 was classified as dry and the remaining years were classified as normal.
The episodes defined within the wet periods, with durations between 24 and 83 days, are much longer than those defined within the dry period, in the range 3-11 days ( Figure 3B) . The difference between the number of days and the number of rainy days is very small for the dry period episodes, whereas the episodes defined during the wet period include a remarkable number of rainfall gaps between the rainy days ( Figure 3C ). Accumulated precipitation values are higher during the wet period although the precipitation is distributed throughout a number of days higher that in the case of the dry period episodes, with lower accumulated precipitation values and more concentrated in time ( Figure 3D ). Figure 3A is an outlier representing the June 2010 episode.
As a previous step for the meteorological analysis, the nine initial episodes of the wet period were sub-divided into 32 rainfall events, removing those days without precipitation. However, the four episodes defined during the dry period were not sub-divided due to its short duration and the lack of rainfall gaps. The analysis of these 36 events considering sea level pressure, 300 hPa geopotential height and 500 hPa and 850 hPa temperature maps allowed the definition of four main meteorological patterns: (i) Strong Atlantic Anticyclone pattern (SAA), (ii) Atlantic Depression pattern (AD), (iii) Anticyclonic ridge pattern (AR), and (iv) Cut-off Low pattern (CL). Table 1 shows the precipitation parameters calculated and the pattern assigned to each of the 36 events.
The four main patterns were described in detail considering also average and accumulated precipitation, computed for each event, and maps of 925 hPa specific humidity and 925 hPa wind direction. Figure 4 graphically describes the four general meteorological synoptic situations identified as landslide-triggers in Asturias during the study period. o Characterized by polar and artic maritime air masses.
•
Atlantic Depression pattern (AD)
o Identified in 10 out of 36 events.
o Typical of the wet period. o Very strong zonal winds in all the troposphere from the W-NW over the Iberian Peninsula.
o Characterized by polar maritime air masses. Figure 3A is an outlier representing the June 2010 episode.
The four main patterns were described in detail considering also average and accumulated precipitation, computed for each event, and maps of 925 hPa specific humidity and 925 hPa wind direction. Figure 4 graphically describes the four general meteorological synoptic situations identified as landslide-triggers in Asturias during the study period.
Strong Atlantic Anticyclone pattern (SAA)
Identified in 14 out of 36 events, is the most common pattern. Typical of the wet period. Presence of: (i) a strong Atlantic high pressure system, extended to the north of Azores in most of times; and (ii) a low pressure system over the Mediterranean Sea or surroundings areas, leading to a northern humid and cold cyclonic flow over Asturias. Frontal and post-frontal rainfall with high orographic forcing and moderate precipitation due to the northern humid flow. Strong winds from the NW-N in all the troposphere, affecting the Iberian Peninsula.
Characterized by polar and artic maritime air masses.
Atlantic Depression pattern (AD)
Identified in 10 out of 36 events. Typical of the wet period. Presence of: (i) one or several deep depressions near the Britannic Islands, moving from West to East according to strong zonal flow, (ii) leading to a weak Azores high pressure system displaced southwards. Frontal rainfall with moderate orographic forcing and moderate precipitation values. Very strong zonal winds in all the troposphere from the W-NW over the Iberian Peninsula. Characterized by polar maritime air masses. 
•
Anticyclonic ridge pattern (AR)
Identified in 6 out of 36 events. Typical of the wet period. Presence of a strong Azores high pressure system, extended as a ridge, affecting the North of the Iberian Peninsula. Low stratiform orographic precipitation values associated with the tail-end of weak fronts. Weak winds from the W-NW-N in all the troposphere, affecting the Iberian Peninsula, and more intense zonal winds located in mid-latitudes of Europe. Characterized by subtropical air masses.
Cut-off Low pattern (CL)
Identified in 6 out of 36 events. The sole pattern identified in the dry period, although it has also been identified in two episodes during the wet period. Presence of a cut-off low extended down to the surface over or near the Iberian Peninsula. High convective precipitation values. Weak close-circulation winds in all the troposphere with predominance of N-NW components.
Characterized by a weak polar air mass surrounded by a subtropical air mass, producing an intense thermodynamic instability over the region. Some remarkable differences in accumulated and daily precipitation values were observed between the events included in each pattern (Table 2 and Figure 5 ). Cyclonic patterns SAA and AD include long-lasting events characterized by significant average accumulated precipitation values (129.9-111 mm) and low average daily precipitation values (9.2-14.4 mm). Furthermore, the events classified within the anticyclonic pattern AR are characterized by low average precipitation values (56.1 mm) accumulated in short-lasting periods, giving as a result a low average daily precipitation values (7.2 mm). In contrast, the events included in the CL pattern are characterized by high precipitation values (129.7 mm) accumulated in short periods, showing the highest average daily precipitation values (16.3 mm) . Observed outliers in Figure 5 are interpreted as a result of the scarce number of data analysed. the reaching of high soil moisture levels and constitutes a typical landslide-triggering meteorological situation, previously described in Asturias [12] . In contrast, the anticyclonic pattern AR and the CL pattern were identified in 6 and 2 events during the wet period, causing 51 and 53 landslides respectively. In these cases, the lower number of landslides may be linked to the low frequency of these events. However, some of the analysed episodes show an alternation of different meteorological patterns, which makes it difficult to determine the specific influence of each condition in the occurrence of landslides. This is the case of the event 10, where the four different patterns described succeed one another in a period of 52 days (AD-CL-SAA-AR) (Table 1) . Furthermore, the CL is the only rainfall-triggering pattern identified during the dry period (June-September). In general, the number of landslides recorded in these CL events is in the range 2-3 (Table 1) , although it is remarkable the extreme CL episode occurred in June 2010, which gave as a result at least 220 landslides recorded in the BAPA database. Due to the scarcity of events analysed for the dry period, it is impossible to determine through statistical methods if the June 2010 episode is an outlier. However, experience achieved in the study area shows that Cut-off low patterns triggering heavy rainfall and a large number of landslides are unusual events in Asturias. In fact, the June 2010 event is the only one identified in the last 37 years. Different works have identified the CL pattern as the main meteorological trigger of landslides during the summer, such as those developed in Portugal [20] or Italy [18] . A coincidence in the triggering conditions SAA, AD and AR between October and May has also been observed, which is to be expected considering that these synoptic patterns are the most common during the winter in Western Europe [44] . However, there are some differences in the frequency of each triggering pattern, more accentuated in Italy than in Portugal, explained by the different climatic or geographical conditions existing in each area.
Although the followed methodology has allowed the definition of the main meteorological synoptic patterns that trigger landslides for the Asturian territory during the analysed period, it is necessary to indicate some limitations that may condition the significance of the achieved results. The first limitation is the reduced number of landslide events (36) analysed in the current work, which hampers the achievement of general results. The BAPA database is only complete and accurate enough during the last eight hydrological years of the covered span, limiting the number of available case studies. It is also remarkable that these eight years are part of a wet sequence, including the wettest year recorded in Asturias (2013) as long as record exists, which may contribute to distort the results. Moreover, 32% of the landslide records occurred during those episodes show low temporal accuracy, introducing a certain level of uncertainty in the analysis.
The meteorological analysis also shows some limitations. For example, the study has only focused on 13 rainfall episodes that have triggered landslides within the study interval (October Figure 5A ,B represent values considered as outliers.
Discussion
Obtained results point out the cyclonic patterns SAA and AD as the main cause of rainfall-triggered landslides in Asturias during the wet period, which is consistent with the results obtained for Western Europe [44] . SAA and AD patterns were identified in 75% of the events analysed between October and May, causing a total of 681 landslides. It is usual that these cyclonic patterns over Asturias remain fairly stable for prolonged periods, as in the case of the events 5, 6, 8 and 12 (Table 1) , producing almost continuous frontal precipitation during several weeks or months. This fact implies the reaching of high soil moisture levels and constitutes a typical landslide-triggering meteorological situation, previously described in Asturias [12] . In contrast, the anticyclonic pattern AR and the CL pattern were identified in 6 and 2 events during the wet period, causing 51 and 53 landslides respectively. In these cases, the lower number of landslides may be linked to the low frequency of these events. However, some of the analysed episodes show an alternation of different meteorological patterns, which makes it difficult to determine the specific influence of each condition in the occurrence of landslides. This is the case of the event 10, where the four different patterns described succeed one another in a period of 52 days (AD-CL-SAA-AR) (Table 1) . Furthermore, the CL is the only rainfall-triggering pattern identified during the dry period (June-September). In general, the number of landslides recorded in these CL events is in the range 2-3 (Table 1) , although it is remarkable the extreme CL episode occurred in June 2010, which gave as a result at least 220 landslides recorded in the BAPA database. Due to the scarcity of events analysed for the dry period, it is impossible to determine through statistical methods if the June 2010 episode is an outlier. However, experience achieved in the study area shows that Cut-off low patterns triggering heavy rainfall and a large number of landslides are unusual events in Asturias. In fact, the June 2010 event is the only one identified in the last 37 years.
Different works have identified the CL pattern as the main meteorological trigger of landslides during the summer, such as those developed in Portugal [20] or Italy [18] . A coincidence in the triggering conditions SAA, AD and AR between October and May has also been observed, which is to be expected considering that these synoptic patterns are the most common during the winter in Western Europe [44] . However, there are some differences in the frequency of each triggering pattern, more accentuated in Italy than in Portugal, explained by the different climatic or geographical conditions existing in each area.
The meteorological analysis also shows some limitations. For example, the study has only focused on 13 rainfall episodes that have triggered landslides within the study interval (October 2008-December 2016), dismissing those meteorological conditions which have not caused instability events in the same period. This fact creates the illusion that both wet and dry periods contribute in the same proportion to landslide occurrence. However, the landslide-triggering patterns are much more frequent during the wet period than during the dry period. The extraordinary infrequent event of June 2010 also contributes to distort the results.
Moreover, the synoptic patterns have been associated with the landslides recorded in each event without taking into account the influence of the meteorological conditions occurring on the days immediately preceding the event. The implementation of a Principal Component Analysis over longer periods could have made it possible to better understand the role of each meteorological factor in the landslide occurrence. However, the limited number of data available for the study hampered the implementation of a more complex statistical method. Similarly, the reduced spatial and temporal scale of the scarce analysed events discouraged the use of general weather type catalogues, such as the Lamb weather type classification or the COST733 weather synoptic types. Considering the preliminary character of the research, a subjective analysis of the composites calculated for each event was achieved, allowing an in-depth analysis of each case. The analysis of a higher number of events which has and has not triggered landslides using a Principal Component Analysis would allow a better approach. Despite the previously mentioned limitations, the current study constitutes a preliminary approach to define the most common landslide-triggering meteorological patterns in the North of Spain. Given that atmospheric situations repeat themselves cyclically through the year, an increase in the knowledge of the link between meteorology and landslides could improve the use of the weather forecast systems in terms of landslide early warning.
Conclusions
The preliminary analysis of the synoptic meteorological conditions that triggered landslides in Asturias during the period October 2008-September 2016 has allowed to conclude that there are four main patterns: Strong Atlantic Anticyclone pattern (SAA), Atlantic Depression pattern (AD), Anticyclonic ridge pattern (AR) and Cut-off Low pattern (CL).
Between October and May (wet period), the cyclonic patterns SAA and AD generated the vast majority of the observed rainfalls episodes which trigger landslides, characterized by moderate-intensity frontal precipitation with an orographic forcing. However, some anticyclonic and convective episodes were also observed. SAA and AD patterns are the most significant synoptic situations for the triggering of landslides in Asturias.
Between June and September (dry period), the Cut-off low is the only observed pattern, producing high-intensity convective precipitation during short periods. Although, in general, the number of landslides caused by these kind of episodes is reduced, the CL patterns may produce extraordinary and very unusual high-intensity precipitation events causing hundreds of landslides, such as the case of June 2010.
